Mucins are high-molecular-weight glycoproteins consisting of numerous carbohydrate chains that are attached via GalNAc to hydroxyl groups in the side chains of Serine and threonine in the polypeptide backbone. These O-glycosidically linked oligosaccharides may vary in size from di-to 'megalo'-saccharides. Similar structures are encountered on soluble glycoproteins like fetuin and ic-casein, and also on membrane-bound glycoproteins, e.g. glycophorin and glycocalicin. The aforementioned compounds all together are referred to as mucin-type glycoproteins.
The carbohydrate structures of mucin-type glycoproteins may be divided into three domains: the core, backbone and peripheral regions. In particular the two last-mentioned are of considerable importance since they may express a variety of antigenic activities. As such, they are involved as receptors in cellular interactions and reactions with microbial agents. Furthermore, these parts of the structures may be altered during cell differentiation, as well as in neoplastic conditions (Hounsell & Feizi, 1982) .
Structural analysis of mucin-type carbohydrate chains is greatly hampered by their heterogeneity, making it virtually impossible to study them at the level of the intact glycoprotein. The chains are most conveniently studied, after release from the peptide by alkaline borohydride treatment, as oligosaccharide alditols; a number of subsequent separation and purification steps are usually required to make them amenable for structural analysis. In the past few years, we have had the opportunity to demonstrate that high-resolution I H-n.m.r. spectroscopy, in conjunction with sugar analysis, is an extremely powerful method for primary-structural characterization of such oligosaccharide alditols. For reasons of resolution and sensitivity, if is desirable that the highest magnetic field strengths currently available, i.e. 10-14T, corresponding to radiofrequencies of 400-600MHz, are employed. Even then, at least 20nmol of oligosaccharide alditol, free from non-carbohydrate contaminants, are required; however, the n.m.r. method is nondestructive, thus leaving open the possibility of performing chemical, enzymic or immunological studies afterwards. Moreover, H-n.m.r. is able to handle adequately mixtures of structurally related and therefore hardly separable oligosaccharide alditols, in that it affords the complete structures of the constituents and the ratio in which they occur in the mixture. So, this approach can cope with (micro-)heterogeneity to a considerable extent. Finally, if 5-10mmol of a sufficiently pure oligosaccharide alditol can be made available, more advanced n.m.r. techniques allow insight to be gained into its solution conformation.
The present article outlines briefly, how to arrive at core, backbone and peripheral portions of mucin-type oligosaccharide alditol structures, and eventually at their solution conformation, by employment of one-and twodimensional ' H-n.m.r. spectroscopy. The data compiled below stem from investigations of oligosaccharide alditols (1982, 1983) .
Primary structure from H-n.m.r. : structural-reporter-group concept The 'H-n.m.r. spectrum of an oligosaccharide alditol may be considered to be built up from subspectra of the constituent monosaccharides. The signals of the majority of non-anomeric protons of each residue are located in the spectral region between 6-3.5 and 3.9p.p.m. This gives rise to a rather broad assembly of partly overlapping resonances in the one-dimensional spectrum ; this so-called 'bulk-signal' may serve as a fingerprint of the oligosaccharide. For compounds larger than disaccharides it cannot be unravelled into its contributions even at SOOMHz, unless by two-dimensional n.m.r. techniques (see below). Each constituent monosaccharide, however, provides the overall spectrum, in addition, with a few characteristically shaped signals at typical positions outside the bulk region. The chemical shifts of these individually resonating protons, together with the coupling constants and line widths of their signals, bear the essential information to permit assigning of the complete primary structure. Therefore, these protons are called 'structural reporters' . They can be divided into four categories: (1) anomeric protons; (2) protons attached to carbon atoms in the direct vicinity of a substitution position in a sugar residue; (3) protons attached to deoxy-carbon atoms; (4) N-acetyl methyl and N-glycolyl methylene group protons. The structural-reporter-group signals of the monosaccharide residues that occur most frequently in mucin-type oligosaccharide alditols are depicted schematically in Fig. 1 .
Core regions
The only structural element shared by all mucin-type oligosaccharide alditols is the terminal GalNAc-01. This residue may be substituted at C-3 by Gal or GlcNAc and/or at C-6, by GlcNAc or sialic acid (NeuAc or NeuGc). This affords nine different types of what may be conceived as core region. These nine core regions are discernible from each other by 'H-n.m.r. on the basis of the positions of the GalNAc-ol structural-reporter-group resonances (see Fig.  la ). For each, a unique set of chemical shifts for H-2 and H-5 of GalNAc-ol is observed (see Table la ).
The chemical shift of the H-2 signal, recognizable from its typical triplet-like shape (see Fig. 2 ), provides conclusive evidence of the presence of Gal (6H-224.39) (Fig. 2a) or GlcNAc (6H-2 5 4.29) (Fig. 26 and c) 
of the absence of a substituent at GalNAc-ol C-3 (6H-2-4.25). These values are hardly or not affected by elongation of the chain, neither at Gal/GlcNAc nor at C-6 of GalNAc-01. The chemical shift of GalNAc-ol H-5 reflects the alditol to be substituted by GlcNAc in P(l+6)-linkage (6H-5 -4.26, accompanied by 6H-6 2 3.92) (Fig.   2a ), or by NeuAc(Gc) in u(2+6)-linkage (6H-5-4.25, together with 6H-6-3.50), or to be unsubstituted at C-6 (6H-5-4.16) (Fig. 26 and c) . The precise values of the chemical shifts of H-5, H-6 and H-6 are modulated by the substituent at GalNAc-ol C-3 (for H-5, see 
Backbone regions
The backbone regions of mucin-type oligosaccharide alditols are usually made up of alternating P-linked Gal and GlcNAc residues. The structural reporters of these residues are shown in Fig. 16 and c . Typically, H-1 of such a Gal residue resonates at 4.4 < 6 <4.5, whereas H-1 of GlcNAc is found at 4.5<6<4.75. The average 351,2 values for backbone Gal (7.8 Hz) and GlcNAc (8.2 Hz) differ slightly but significantly; both values are indicative of a P-glycosidic linkage.
Gal and GlcNAc may be joined either P( 1 +3), constituting a type-1 chain, or P(l+4), forming a type-2 (N-acetyllactosamine) chain. In general, it is possible to discriminate between these two possibilities for a given oligosaccharide alditol on the basis of the positions of the GlcNAc H-1, H-3, (H-4), H-6 and NAc signals. For small oligosaccharides, these reporter signals can be traced merely by inspection of the 'H-n.m.r. spectrum (see Fig. 26 and c) . For the type-I chain, H-1 of GlcNAc is found at lower field (A6~0.02p.p.m.) while the NAc singlet is observed at higher field (A62 -0.01 p.p.m.) as compared with the type-2 chain. The precise values of the chemical shifts are dependent on the location of the type-1 or -2 unit in the chain, especially on the type of linkage in which GlcNAc is involved, and on the presence of additional substituents at GlcNAc and/or Gal. The position of H-1 of Gal is virtually insensitive to P(1+3)-or P(1+4)-linkage. However, most decisive for the P(1 +3)-linkage is the relatively downfield position of H-3 of GlcNAc (6 3.91 vs -3.7), whereas the relatively downfield position of H-6 of GlcNAc (6 4.02 vs 3.95) provides a means for substantiating the P(1+4)-type of backbone (Van Halbeek et al., 1982a,b) . For larger oligosaccharide alditols, measurement of nuclear Overhauser effects may be needed to assist in distinguishing between a type-1 and -2 chain, by making visible either the GlcNAc H-3 or H-4 signal, upon presaturation of Gal H-1 (compare Dabrowski et al., 1982) . Extended, that is, fucosylated or sialylated, type-1 and -2 units can often be distinguished on the basis of the chemical shifts of the Fuc and NeuAc structural reporters respectively (see below).
Type-1 or type-2 units may be joined linearly by P( 1 +3)-linkages from GlcNAc to Gal. This comes to expression in the 'H-n.m.r. spectrum by the appearance of the H-4 signal of the substituted P-Gal at 6~4 . 1 5 , while 6H-1 of Gal is hardly or not affected. Alternatively, Gal may serve as a branching point by bearing N-acetyl-lactosamine units, both at C-3 and C-6, in /3-linkage. In case of disubstitution, the H-4 signal of Gal is observed at 6 -4.10 (Van Halbeek et al.,
19826
). This implies that the Occurrence of backbone I and i antigenic determinants can be recognized from the resonance position of Gal H-4, characterized by its typical broadlined-doublet shape (see Fig. l b and Fig. 2 ). The number of repeating Gal/?(l+3/4)GlcNAc units and that of branching Gal residues in the backbone portion of an oligosaccharide alditol may be inferred from accurate spectral integration. Comparison of the peak areas at 6-4.70, 6-4.56 and 6-4.48 affords the relative amounts of GlcNAcP(l+3), GlcNAcP(1+6) and GalP(I +.) respectively, whereas the relative intensities of the Gal H-4 signals at 6 4.15 and 6 4.10 are indicative of the ratio of backbone units joined linearly and those connected via branching points respectively (Van Halbeek et al., 19826) .
A less frequently occurring type of backbone region is the extension of the core type GalP(l+3)GalNAc-ol by P( 1 -+4)-linked GalNAcP( 1 +4)GalNAca( 1 -.3)Gal, usually being sialylated at C-3 of the internal GalNAc (see below). Typically, the H-1 doublet of the P(1+3)-linked GalNAc is found at 6 4.65 (Inoue & Iwasaki, 1980) .
Peripheral regions
The peripheral regions of mucin-type oligosaccharide alditols may contain sugars different from those building up the backbone and core portions; typical examples are Fuc and sialic acid (NeuAc or NeuGc). Fuc, u-linked to Gal or to GlcNAc, forms the basis of many blood-group and NeuGca(2-+8)NeuGca(2+8)NeuGca(2+6)
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GlcNAcP ( differentiation antigenic determinants. NeuAc may play a role in modulating or masking antigenic activity. Furthermore, it seems to be necessary in expression of the Cad/Sda blood group activity (Blanchard et al., 1983) . Also, core and backbone sugars may complete a chain; however, in such cases, the residues are often found to be involved in a linkage, of which the configuration differs from that in the backbone, as with Gala(l+3/4), GlcNAca(l-+4) or GalNAca(l43).
The characterization of the various blood-group and differentiation antigens that contain one or two Fuc residues, is pre-eminently feasible by lH-n.m.r., on the basis of the set of chemical shifts of Fuc structural-reporter groups (see Fig. Id) . The shifts of H-1, H-5 and CH3 reflect primarily the type of a-glycosidic N~H z ) linkage of Fuc to its neighbour, and the nature of the latter. Terminations of mucin-type oligosaccharide alditols involving NeuAc or NeuGc have been adequately characterized by 'H-n.m.r. (Vliegenthart et al., 1982) . Sialic acid may occur (1) in a(2-+6)-linkage to GalNAc-ol; (2) in a(2+3)-linkage to Gal; (3) in a(2+3)-linkage to backbone GalNAc, or (4) in a(2+8)-linkage to another sialic acid residue. Whether NeuAc or NeuGc is concerned, can easily be derived from the occurrence of an N-acetyl methyl singlet at 6 N 2.030, or an N-glycolyl methylene singlet at 6 5 4.12. These values are irrespective of the type of NeuAc(Gc) linkage, but strongly dependent on substitution, for example at C-8.
The four types of termination mentioned above can be distinguished by means of the set of chemical shifts of the NeuAc H-3ax and H-3eq atoms (Fig. le) . The latter are, first of all, sensitive to the type of a-linkage in which NeuAc is involved, and to the nature of the monosaccharide to which it is bound. Furthermore, as with Fuc H-1 and H-5, 6H-3ax or 6H-3eq, or both, are influenced significantly by the type of linkage in which the neighbour of NeuAc is involved, and by the presence of a substituent adjacent to NeuAc. The sets of H-3ax and H-3eq chemical shifts for several peripheral structural elements containing NeuAc(Gc) are listed in Table lc .
Among the peripheral sequences that contain neither NeuAc nor Fuc, the following have been characterized by *H-n.m.r.: (1) Gala(l+3)-Gala( 1 -, .) ; (2) Gala( 1 + 3)GalP( 1 4.); (3) Gala( 1 +4)-GalP(l+); (4) GlcNAca(l+4)Galfi(l-..);
( 5 ) GalNAcP( 1 44)Galj?( 1 4.).
In conclusion, it can be stated that 'H-n.m.r. spectroscopy is a suitable method to characterize each of the three domains, and thereby the complete primary structure of mucin-type oligosaccharide alditols.
Solution conformation
Once the primary structure of a mucin-type oligosaccharide is properly known, structural analysis may be extended to its conformation and dynamic properties in solution. This is of particular importance for the peripheral regions, since they actually control interaction and recognition phenomena. Moreover, study of their conformation is physiologically meaningful, since it is hardly or not influenced by cleavage of the oligosaccharide chain from the peptide, in contrast to that of the core portion, and, to a less extent, of the backbone regions that serve as carriers of the antigenic determinants.
In principle, n.m.r. spectroscopy provides an excellent tool to arrive at the solution conformation of an oligosaccharide. By using a combination of appropriate twodimensional n.m.r. techniques, namely, J-resolved (2D-J) in conjunction with scalar correlated (COSY or SECSY) I Hn.m.r. spectroscopy, a complete assignment of the highresolution spectra, including the bulk of skeleton-proton signals, can be obtained for di-up to octasaccharide alditols. A discussion of the methodology is beyond the scope of this article; however, the results are worth mentioning, As soon as the set of vicinal proton coupling constants is known for every constituting monosaccharide, its precise ring conformation can be calculated in terms of dihedral angles.
